Background
Introduction
Nearly all cervical cancer is caused by human papillomavirus (HPV) [1] . B cell-mediated immunity to the viral capsid proteins L1 and L2 can provide efficient protection against HPV infection [2] , but it is not effective for patients who already are infected with HPV [3, 4] . HPVinfected women with normal cervical cytology or mild abnormalities currently have no treatment options other than watchful waiting for HPV clearance or, if high-grade lesions or cancer develop, surgery with possible adjunct chemotherapy [5] . Although surgical excision is very successful for high-grade cervical lesions and cervical cancer, it can lead to infertility, pregnancy problems, incontinence, and sexual dysfunction [5] [6] [7] [8] . Women infected with HPV who still have normal cervical cytology or only mild or borderline abnormalities need a treatment that can prevent their infections from progressing to cervical lesions and cancer.
A therapeutic HPV vaccine could offer an opportunity to clear HPV infections before local immunosuppression and viral escape mechanisms develop [5, 9] . To control existing infections and malignancies, a therapeutic vaccine should induce antigen-specific T-cell-mediated immunity against HPV-infected cells. Several therapeutic vaccines are in development and have been tested in human clinical trials [10] . Most target the HPV E7 protein and, in some cases, also the E6 protein, which are continuously expressed during the viral cycle, are required for cellular transformation, and are expressed by all cervical cancers and precursor lesions [11] [12] [13] . Some of these candidate vaccines have shown promise in treating vulvar and highgrade cervical intraepithelial neoplasia, and some induce cellular immunity against HPV, but they have only been tested in women who already have high-grade lesions [14] [15] [16] .
GTL001 is a bivalent therapeutic vaccine for preventing cervical cancer in women who have been infected with HPV16 or HPV18 and who still have normal cervical cytology or mild or borderline abnormalities. GTL001 is designed to promote clearance of HPV16 and HPV18 infections before advanced lesions develop. GTL001 contains HPV16 and HPV18 E7, each fused to detoxified adenylate cyclase from Bordetella pertussis (CyaA) as a vaccine vector. The N-terminus of CyaA is translocated into host cells by binding to CD11b [17] . This unique property can be harnessed to specifically deliver viral or tumor antigens to CD11b + antigenpresenting cells (APC) and thereby induce antigen-specific CD4 + and CD8 + T cell responses against these antigens. In mice, intradermal vaccination with a recombinant CyaA bearing the HPV16 E7 antigen has been shown to induce a HPV16 E7-specific T cell response and, when adjuvanted with CpG oligodeoxynucleotide (ODN) 1826, a toll-like receptor (TLR) 9 agonist, to eliminate established HPV16 E7-expressing tumors [18, 19] . Two formulations of GTL001, a solution formulation and a more concentrated powder formulation, adjuvanted with topical imiquimod cream, have been tested in a phase I clinical trial, and both were safe and induced E7-specific CD8 + T cell responses [20] . Due to these promising results, the powder formulation is currently being tested in a phase II clinical trial (NCT01957878). Here, we describe the ability of intradermal vaccination with GTL001 to induce both HPV16 E7-and HPV18 E7-specific CD8 + T cell responses in C57BL/6 mice. We also explore whether the HPV E7-specific T cells induced by GTL001 are functional cytotoxic CD8 + T lymphocytes that can promote the regression of HPV16 E7-expressing tumors.
Materials and methods

Cells
CHO-CR3 cells, a Chinese hamster ovary cell line transduced to express the human CD11b/ CD18 receptor, was obtained from Douglas Golenbock (University of Massachusetts Medical School, Worcester, MA, USA) and was enriched by positive selection using CD11b magnetic beads (Miltenyi Biotec, Köln, Germany). These CD11b + cells were cultured in Ham's F12 medium supplemented with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 500 μg/mL G418, 100 units/mL penicillin, and 100 μg/mL streptomycin. HPV16 E7-expressing TC-1 cells from American Type Culture Collection (Manassas, VA, USA) were grown in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 400 μg/mL G418, 100 units/ml penicillin, and 100 μg/ml streptomycin. Murine splenocytes were cultured in complete medium (RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin, 100 μg/ml streptomycin, In vitro binding of CyaA to human monocytes and lymphocytes 
In vitro CD11b competition binding assay
The experiments used CHO-CR3 cells transduced to express human CD11b (CHO-CR3 CD11b + cells). CHO-CR3 CD11b + cells were incubated for 30 min on ice in binding buffer with 40 nM biotinylated CyaA-HPV16 E7 and 0 to 512 nM CyaA, 0 to 512 nM test substance, or 512 nM heat-inactivated GTL001. After washing, cells were incubated for 30 min on ice with 0.5 mg/mL PE-labeled streptavidin. Cells were re-suspended in 10 nM TO-PRO-3. Bound biotin-CyaA-HPV16 E7 was detected by flow cytometry using a FACSCanto A equipped with a high-throughput sampler (BD Biosciences). Analyses were performed after gating on living cells as based on exclusion of TO-PRO-3 positive cells. The dose-response curves were fitted using Prism (GraphPad Software, La Jolla, CA, USA) to estimate the concentration resulting in 50% inhibition (IC 50 ).
T cell responses in GTL001-immunized mice C57BL/6 female mice (6 to 10 weeks old) were acclimated for 1 week before vaccination. Mice (5/group) were anesthetized and vaccinated intradermally in the inner ear with GTL001 (10 μg) or placebo (PBS with 1.83 M urea). Immediately and 24 h after vaccination, 25 mg of 5% imiquimod cream was applied at injection sites (ear skin on both ears) by rubbing in for at least 15 s using a sterile cone until complete penetration. After 7 days, mice were anesthetized and sacrificed by CO 2 inhalation or cervical dislocation. Spleens were collected and homogenized in complete medium. Splenocytes were isolated by centrifugation for 20 min at 1500 × g though Lymphocyte-M separation medium (Cedarlane, Burlington, Ontario, Canada). T-cell responses were measured by interferon-γ (IFN-γ) enzyme-linked immunospot (ELISpot) and cytometric bead array, as described below.
IFN-γ ELISpot
In triplicate wells of 96-well plates, pooled splenocytes from GTL001-immunized or placeboinjected mice (1 × 10 6 cells in 100 μL complete medium) were mixed with 100 μL of complete medium containing 1 μg/mL of major histocompatibility complex (MHC) class I (H-2 b )-restricted peptides (HPV16 E7 49-57 , HPV18 E7 AS43-49 , or ovalbumin 257-264 ), no addition (negative control), or 1 μg/ml hamster anti-mouse CD3 Ɛ antibody (BD Biosciences; positive control for polyclonal T-cell responsiveness). After 20 h at 37˚C, frequencies of IFN-γ-secreting CD8 + T cells were assessed using a mouse IFN-γ ELISpot PLUS kit according to the manufacturer's instructions (Mabtech, Nacka Strand, Sweden). Spot-forming cells were counted using a Bioreader 5000 Pro S plate reader (Biosys, Karben, Germany).
Analysis of cytokine secretion by cytometric bead array
Splenocytes from GTL001-immunized or placebo-injected mice (4 × 10 6 in 2 ml) were cultured in 24-well plates and stimulated in the presence or absence of 30 μg/mL synthetic HPV16 E7 . Culture supernatants were harvested after 3 days and stored at −20˚C until use. These supernatants were assayed for the presence of IFN-γ, interleukin (IL)-6, tumor necrosis factor-α (TNF-α), and IL-4 by BD™ Cytometric Bead Array (BD Biosciences) according to the manufacturer's instructions, measured by flow cytometry using a FACSCanto (BD Biosciences). Results were analyzed using FCAP Array™ software (Soft Flow, Pecs, Hungary).
In vivo killing assay
Splenocytes (5 × 10 6 cells/ml) from naïve C57BL/6 mice were pulsed for 3 h at 37˚C in complete medium containing no addition or a combination of 3 μg/ml of HPV16 E7 49-57 and 3 μg/ml of HPV18 E7 AS43-49 peptides. Cells were then collected and washed with PBS. Unpulsed target cells were treated for 10 min at 37˚C with 0.1 μM CFSE (CFSE low ) and with 1 μM (CFSE high ) for HPV E7-pulsed target cells. The CFSE low and CFSE high cells were mixed at a 1:1 ratio, washed twice in PBS + 2% fetal bovine serum, and suspended in PBS at 100 × 10 6 cells/ml for adoptive transfer to recipient mice vaccinated with either GTL001 + 5% imiquimod cream or placebo + 5% imiquimod cream. At day 6, recipient mice were anaesthetized and intravenously injected with 100 μL of the target cell mixture via the retro-orbital venous sinus. The next day, mice were anesthetized and killed under anesthesia by CO 2 inhalation or cervical dislocation. Spleens were collected and homogenized in complete medium, after which cells were washed with PBS + 1% fetal bovine serum. Target cells were tracked ex vivo in individual mice by flow cytometry using a FACSCanto A (BD Biosciences) and analyzed using FlowJo software (Ashland, OR, USA) with exclusion of dead cells based on forward scatter-side scatter criteria. The percentage of in vivo killing was calculated as described previously [21] : % killing = 100 − ([(% peptide pulsed in vaccinated/% unpulsed in vaccinated)/(% peptide pulsed before injection/% unpulsed before injection)] × 100). 
TC-1 tumor regression model
Statistical analysis
Statistical analysis was made using Systat (Systat Software, San Jose, CA, USA) and R (Revolution Analytics, Redmond, WA, USA). Cell survival in the in vivo killing assay for treatment vs. placebo was compared by Newman-Keuls test. In cases where the treatment effect was significant, p-values were calculated using a Fisher Exact test. A p-value below 0.05 was considered statistically significant.
Results
GTL001 specifically targets CD11b
CyaA was used as a vaccine vector because it binds specifically to human and mouse CD11b expressed on APC [17, 22] . In an initial experiment, we found that biotinylated CyaA-HPV16 E7 binds to human CD14 + CD11b + CD11c + monocytes (i.e. dendritic cells) but very poorly to human lymphocytes (Fig 1A) . Biotinylated CyaA-HPV16 E7 also bound to DC2.4 cells, a murine dendritic cell line (data not shown). We further examined the specific binding of GTL001 to CD11b by a competition binding assay using CHO cells transduced to express human CD11b. In this experiment, binding of biotinylated CyaA-HPV16 E7 to human CD11b on CD11b + cells was competed by
CyaA-HPV16 E7 (IC 50 = 18 nM), CyaA-HPV18 E7 (IC 50 = 42 nM), the solution formulation of GTL001 (IC 50 = 28 nM), and empty CyaA (IC 50 = 10 nM) (Fig 1B) . Binding of biotinylated CyaA-HPV16 E7 to CD11b + cells was not competed by 512 nM heat-inactivated GTL001, and furthermore, biotinylated CyaA-HPV16 E7 did not bind to CD11b -cells (data not shown), confirming specific binding to CD11b. Therefore, inserting HPV16 E7 or HPV18 E7 sequences in CyaA did not eliminate recognition by CD11b.
GTL001 adjuvanted with 5% imiquimod cream induces HPV E7-specific CD8 + T cell responses in a bivalent fashion
We next examined the ability of GTL001 to induce HPV16 E7-and HPV18 E7-specific CD8 + T cell responses. C57BL/6 mice were vaccinated intradermally with placebo or 10 μg of GTL001. Immediately and 24 h after vaccination, topical 5% imiquimod cream was applied as an adjuvant at injection sites to promote an antigen-specific CD8 + T cell response [23] .
Splenocytes isolated from immunized mice were stimulated with HPV16 E7 49-57 or HPV18 E7 AS43-49 . HPV16 E7 49-57 represents the most potent H-2 b -restricted HPV16 E7 epitope [24] . HPV18 E7 AS43-49 is a neo-epitope at the junction of Ala-Ser from the CyaA sequence and the E7 43-49 sequence, and it is the only MHC class I restricted HPV18 E7 epitope in the C57BL/6 genetic background [25] .
As measured by IFN-γ ELISpot, mice vaccinated with the solution formulation of GTL001 developed both HPV16 E7-and HPV18 E7-specific CD8 + T cell responses (Fig 2) . Adjuvantation with topical 5% imiquimod cream increased these GTL001-induced HPV E7-specific CD8 + T cell responses. Similar results were found using the powder formulation of GTL001
(data not shown). Cytometric bead array further showed that GTL001 adjuvanted with 5% imiquimod cream induced the ex vivo production of T H 1 cytokines (IFN-γ, IL-6, and TNF-α) (Fig 3) . These cytokines were not detected after antigen-specific re-stimulation of total splenocytes from mice vaccinated with placebo + 5% imiquimod cream or with GTL001 alone.
The functional activity of GTL001-induced HPV E7-specific CD8 + T cells was assessed by an in vivo killing assay. Splenocytes from naïve donor C57BL/6 mice were pulsed with the E7. After washing, bound biotinylated CyaA was detected with PE-labeled streptavidin and flow cytometry. Results are from a single experiment in which all substances were compared but are representative of two to six experiments per tested substance.
https://doi.org/10.1371/journal.pone.0174038.g001 -restricted peptides of HPV16 E7 and HPV18 E7 or left unpulsed to generate syngeneic target cells. The solution and powder formulations of GTL001, adjuvanted with topical 5% imiquimod cream, equally induced HPV E7-specific cytotoxic T lymphocytes (CTL) able to eliminate syngeneic target cells (Fig 4) .
Therapeutic vaccination with GTL001 adjuvanted with 5% imiquimod cream eradicates HPV16 E7-expressing tumors in C57BL/6 mice We investigated the potential therapeutic effect of GTL001 in a preclinical murine model of HPV E7-expressing tumors. Mice were inoculated with TC-1 tumor cells expressing the HPV16 E7 oncoprotein, in which E7 is necessary for tumor growth [26] . After 11 days, when tumors were at least palpable, mice were vaccinated with GTL001 solution, an equimolar amount of unconjugated HPV16 E7 and HPV18 E7 protein (i.e. lacking the CyaA vector), or placebo and adjuvanted with topical 5% imiquimod cream. Mice received a second vaccination 28 days later (day 39), and tumor regression was assessed until day 60. At the end of the clinical monitoring, no tumors were detected in mice treated with GTL001 solution + imiquimod, whereas mice treated with placebo alone, placebo + imiquimod cream, or a combination of unconjugated HPV16 E7 and HPV18 E7 protein rapidly grew tumors, all at approximately the same rate and to the same extent (Fig 5A) . At the end of the study, all 10 mice treated with GTL001 + imiquimod were tumor-free, whereas only 1 of 10 of mice treated with placebo, 1 of 10 treated with unconjugated HPV16 E7 and HPV18 E7, and 0 of 10 mice treated with placebo + imiquimod cream were tumor-free (Fig 5B) .
In a separate experiment, we evaluated the adjuvant effect of imiquimod in the same murine model of HPV16 E7-expressing tumors (Fig 6) . At day 60, when combined with imiquimod, both the solution and powder formulations of GTL001 substantially and significantly promoted full tumor regression and survival compared to the same formulation of GTL001 alone. These results confirm that imiquimod is necessary for GTL001 to have an optimal effect on HPV16 E7-expressing tumors.
Discussion
The catalytic domain of B. pertussis CyaA translocates into the cytosol of host cells by binding to CD11b [17] . This unique property is independent of enzymatic activity and can be harnessed to specifically deliver viral or tumor antigens to CD11b + APC. Upon binding to CD11b on APCs, CyaA fusion proteins deliver their fusion partners to the cytosol, where they are efficiently processed and presented on MHC molecules, resulting in strong, long-lasting CTL responses [22, 27, 28] . Preville et al. showed that CyaA fusion proteins containing the full sequence or various subfragments of the HPV16 E7 protein can induce specific T H 1 and CTL responses in C57BL/6 mice [19] . They also showed that in all mice grafted with HPV16 E7-expressing TC-1 tumor cells, CyaA-HPV16 E7 Δ30-42 , when adjuvanted with CpG ODN 1826, triggers complete tumor regression. CyaA fusion proteins harboring human melanoma epitopes have also been shown to be efficiently processed by human dendritic cells and to activate epitope-specific CTL clones [27] .
In the current study, we examined GTL001, a candidate HPV therapeutic bivalent vaccine consisting of equal amounts of CyaA-HPV16 E7 and CyaA-HPV18 E7 fusion proteins. GTL001 bound specifically to CD11b via the CyaA portion of the fusion protein and, adjuvanted with topical 5% imiquimod cream, induced CD8 + T-cell responses specific to both HPV16 and HPV18 E7. These findings extend the results of Preville et al. [19] by showing that GTL001 induces parallel CD8 + T cell responses to both HPV16 and HPV18 E7, both of which can mediate killing of HPV E7-expressing cells. Thus, this study demonstrates the multivalent potential of CyaA technology as a vaccine vector. Our findings also show that topical imiquimod cream, like CpG ODN 1826, is an effective adjuvant for CyaA-based therapeutic vaccines. Importantly, when adjuvanted with imiquimod cream, GTL001 but not unconjugated E7 proteins induced complete regression of HPV16 E7-expressing TC-1 tumors. Further, this is the first study to show the induction of a HPV18 E7-specific T cell response in a mouse model, although we were not able to confirm the ability of GTL001 to induce regression of HPV18 E7-expressing tumors due to the lack of a commercially available HPV18 E7-expressing mouse tumor model. This study focused on the mechanism of action of GTL001 adjuvanted with topical 5% imiquimod cream, as used in the completed phase I [20] and current phase II (NCT01957878) clinical trials. Studies in mice and in humans have demonstrated that 5% imiquimod cream is a potent adjuvant of T-cell-based therapeutic vaccines [29, 30] . Imiquimod stimulates APC by binding to TLR7 and TLR8, which enhances the production of pro-inflammatory cytokines and chemokines and promotes dendritic cell maturation [23] . CpG ODN 1826, used in the study by Preville et al. [19] , works in a similar way, although via TLR9 [31] . Because TLR agonists like imiquimod are T H 1-cell-polarizing, they are ideal adjuvants for CyaA-based therapeutic vaccines intended for treating cancer and viral infections [32, 33] . We have selected topical administration of imiquimod for clinical use because it promotes human dermal dendritic cell maturation and CD8 + T-cell cross-priming, which is not the case when imiquimod is administered intradermally [34] . Also, 5% imiquimod cream is already licensed as a topical agent to treat genital warts, although it is used more frequently (three times/week) and for longer (16 weeks) as a stand-alone therapy than as an adjuvant as for T cell-based therapeutic vaccines [35] . Although CpG ODN 1826 has been used as an adjuvant in animal studies of similar vaccines, we did not use it in the current study because it was not available to us for clinical use. Our results, combined with existing evidence on the mechanism of CyaA-based vaccines, suggest that the CyaA portion of GTL001 binds to CD11b + APC, delivering the partner HPV16 and HPV18 E7 antigens to the cytosol, where they are processed and then presented on MHC molecules. This results in an E7-specific CD8 + CTL response that can eradicate HPV E7-expressing tumors. The unconjugated vaccine probably failed to exhibit any anti-tumor activity because, due to the low amount of HPV E7 antigens, vectorization by CyaA and therefore dedicated delivery to APCs was needed to induce a sufficient immune response. These findings therefore highlight the potential of the CyaA platform for delivering antigens to APC and inducing antigen-specific CTL responses. The goal of GTL001 is to treat HPV-infected patients before immunosuppression and viral escape mechanisms develop in the cervix and before high-grade lesions appear. In the current study, we confirmed that GTL001 adjuvanted with topical imiquimod cream induces T-cellmediated immunity against HPV-infected cells, which is considered necessary for controlling existing infections and malignancies [5, 9] . GTL001 adjuvanted with 5% imiquimod cream has already been evaluated in a phase I clinical trial in women infected with HPV16 or HPV18 but with normal cervical cytology. The study showed that GTL001 + imiquimod was safe and well tolerated and that it induced a HPV16-and HPV18 E7-specific cellular immune response [20] . Because of the promising preclinical and phase I clinical results, the efficacy of GTL001 for preventing cervical cancer is currently being evaluated in a phase II multicenter trial in women infected with HPV16 or HPV18 who have normal cytology or mild abnormalities.
